composition exhibits the highest oxygen permeability. The oxygen permeation flux through the optimal uncoated 0.33 mm-thickness 60CPO-40PSFAO composite can reach 1.03 mL cm -2 min -1 (over the general requirement value of 1 mL cm -2 min -1 ) in air/He atmosphere at 1000 °C. In situ XRD performance confirms the optimal 60CPO-40PSFAO sample shows excellent stability in CO2-containing atmospheres. The 60CPO-40PSFAO membrane still exhibits simultaneously excellent oxygen permeability and phase stability after operating for over 100 h at air/CO2 condition at 1000 °C, which further indicates that the 60CPO-40PSFAO composite is likely to be used for oxygen supply in CO2 capture.
Introduction
study the phase structure of 60CPO-40PSFAO powder obtained after heating at 950 °C in air for 10 h.
Oxygen permeation flux measurement
Oxygen permeability was measured based on our previously reported method with a home-made device [51, 52] . The xCPO-(100-x)PSFAO (x = 50, 60 and 75) OTMs were sealed on an alumina tube with high temperature setting glue (Huitian, China), baked at 140 °C for 10 h, and the lateral direction of the oxygen permeable membrane was also covered with high temperature setting glue to avoid the transmission of radial oxygen affecting the final measured value. The effective working area of the oxygen permeable membrane is about 0.7088 cm 2 . Air as a feed gas, a mixture of He or CO2
(49 mL min -1 ) and Ne (1 mL min -1 ) of internal standard gas as sweeping gas. Flow rates of all inlet gas are controlled by the mass flow meters (Sevenstar, Beijing, China) and are periodically calibrated using a soap membrane flow meter. The gaseous mixtures were analyzed using a gas chromatograph (GC, zhonghuida-A60, Dalian, China). The oxygen permeation rate can be calculated from the eq. (1)
Where CO2 and CN2 represent the oxygen concentration and the nitrogen concentration, respectively, and 4.02 is the ratio of the leaked nitrogen according to the theory of Kundsen diffusion．F is the total flow rate of the exhaust gas calculated from the Ne concentration, and S represents the effective oxygen permeability area of the xCPO-(100-x)PSFAO (x = 50, 60 and 75) dual phase membranes sealed on the corundum tube [53] [54] [55] . In this study, the leakage flux of oxygen was generally less than 5% of the total oxygen flux.
Result and Discussion
The XRD patterns of xCPO-(100-x)PSFAO (x = 50, 60 and 75) composite powders after calcined at 950 °C for 10 h are shown in Fig. 1 . All three composite powders consist of only CPO and PSFAO phases, suggesting that the xCPO-(100-x)PSFAO (x = 50, 60 and 75) samples can be successfully synthesized via the modified Pechini method. In order to check phase structures of the xCPO-(100-x)PSFAO (x = 50, 60 and 75) composite membranes, the sintered membranes are also characterized by XRD (see Fig. S1 ). The results reveal that all three sintered composite membranes under studied also consist of only CPO and PSFAO phases, which further confirm that xCPO-(100-x)PSFAO dual phase membranes have been prepared successfully.
Further, the unit cell parameters of CPO and PSFAO in three composites are compared. With Rietveld refinement, the unit cell parameters of the CPO and PSFAO two phases in xCPO-(100-x)PSFAO (x = 50, 60 and 75) composites are obtained and summarized in Table 1 . The Rietveld analysis results reveal that the pure phase CPO the PSFAO has orthorhombic structure, which is consistent in XRD data previously mentioned. To study the effect of CPO/PSFAO ratio on the oxygen permeability, three different CPO-PSFAO composites have been prepared. signifying that stronger absorption of CO2 gas than that of helium gas occur on the surfaces of the membranes. It can explain the phenomenon on the drop of the oxygen permeation rates if using CO2 instead of He as sweep gas.
The optimal 60CPO-40PSFAO composition was chosen for further study of the thickness effect on the oxygen permeation rates through these 60CPO-40PSFAO
composites using helium as sweep gas. As shown in Fig. 5a , it is obvious that the thinner the 60CPO-40PSFAO sample, the higher oxygen permeation rate of the 60CPO-40PSFAO is obtained at the same temperature. For instance, at 1000 °C, the order of deviates from the linear trend and increases very slowly when the thickness is below 0.6 mm. It can be concluded that the surface exchange process is not negligible when the membrane thickness is below 0.6 mm, while the oxygen bulk diffusion mainly controls the overall oxygen transport process when the thickness is greater than 0.6 mm.
And when the membrane thickness is less than 0.3 mm, the oxygen permeation process is mainly controlled by interfacial exchange. Lc is defined as the point at which the transition occurs from predominantly diffusion-controlled to control by interfacial exchange [60] , so Lc of 60CPO-40PSFAO membrane is between 0.3mm and 0.6mm.
Further examination on the phase stability of CPO-PSFAO at high temperatures was achieved from the in situ XRD measurements ( Fig. 6a and b) . No signature of impure peaks was observed no matter in air or in CO2 containing atmospheres, which indicate that the 60CPO-40PSFAO exhibits a good structure stability in both air and CO2
atmospheres. We next consider the phase stability of the 60CPO-40PSFAO in low oxygen partial pressure. We also examined the reversibility of the oxygen permeability of the 60CPO-40PSFAO composite. Fig. 9 illustrates the changeability of the oxygen permeability of the 0.6 mm-thickness 60CPO-40PSFAO sample by periodically adjusting CO2 and He sweep gases at 1000 °C. A high oxygen permeation rate of 0.79 mL cm -2 min -1 can be achieved when adjusting He as sweep gas; while the oxygen permeation rate decline to 0.46 mL cm -2 min -1 when adjusting CO2 as sweep gas. [25, 28, 61] . Here, the cause of slight drop of the oxygen permeation rate due to the adsorption effect of CO2 on surface of the sample but not the carbonates formation [47] . To gain more insight into the long-term operational oxygen permeability and CO2 stability, we operated the 0.6 mm-thickness 60CPO-40PSFAO membrane under air/CO2 gradient for at least 100 h. The time-dependent oxygen permeation rates through the 60CPO-40PSFAO samples with pure CO2 as sweep gas at 1000 °C was shown in Fig. 10 . The oxygen permeation flux increase slightly from 0.45 to 0.46 mL cm -2 min -1 and no degradation was observed. In order to further check the stability of the 60CPO-40PSFAO membrane, XRD was used to check the phase structures of both sides of the spent membrane after the long-term oxygen permeation measurements with pure CO2 as sweep gas. As shown in Fig. 11 , no impurities phases were observed for the spent 60CPO-40PSFAO sample, further confirming that the 60CPO-40PSFAO composite has good operating stability under CO2 atmosphere. can find that the 60CPO-40PSFAO shows nearly 2.5 and 1.6 times higher than those of pristine 60CPO-40PSFO sample under air/He and air/CO2 gradients, respectively, in the same measuring condition. In addition, it can be seen that our 60CPO-40PSFAO membrane shows higher oxygen permeability compared with that of 60CNO-40NSFAO. These results indicate that our 60CPO-40PSFAO composite with excellent oxygen permeability as well as good CO2 tolerance, which is likely to be used for CO2
capture based on oxy-fuel concept.
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